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A.  Snwiry  and  Results 

During  tha  aannnfl  year  of  this  contract  to  study  dielectric  wave¬ 
guides,  two  najor  tasks  were  pursued.  First,  a  aethod  of  coaputing  the  pro- 
pagation  constants  sad  the  field  distributions  for  the  nodes  of  dielectric 
waveguides  of  arbitrary  cross  Motion  and  arbitrary  dielectric  constant  was 
developed,  based  on  the  aethod  of  finite  differences.  This  technique  was 
applied  to  a  round  dielectric  waveguide  so  that  a  comparison  could  be  aade 
with  a  case  for  which  a  rigorous  exact  solution  is  known.  The  technique  was 
also  applied  to  rectangular  and  square  waveguides  and  ccapared  with  the 
approadaats  solutions  of  Mareatili  and  others.  A  brief  description  of  the 
aethod  and  sane  of  the  results  are  given  in  Section  II  of  this  report.  More 
details  appear  elsewhere  (see  Section  C  below) . 

The  second  aajer  task  undertaken  this  year  wee  the  erawi  nation  of  tha 
feasibility  of  using  iwuil  inner  or  electro-optic  ester iala  in  dielectric 
waveguide  fans  to  realise  UMful  functions.  As  a  specific  exanple  of  such  e 
ooaponent,  an  electro-optic  pheM  shifter  wee  constructed  using  e  lithim 
niobata  (LiHbCf)  waveguide.  Low  frequency  voltages  applied  to  electrodes 
foraing  e  portion  of  the  waveguide  structure  induced  phase  shifts  in  the 
94  GBs  signal  propagating  along  tha  waveguide.  Approximately  one 
radian  of  phaM  shift  oould  be  obtained  with  applied  electric  finite  well 
below  the  breakdown  value  for  the  LiNb03  dielectric.  Other  ccaponanta,  such 
as  electronically  soaanad  antennas  and  electronically  tuned  filters  were  con- 
sidered,  and  aoaa  insights  wars  developed  for  ths  future  of  aaterlels  require 
aunts  for  such  applications. 

S.  Future  Plans 


The  developaaat  of  the  finite  difference  aethod  is  now  felt  to  be 
sufficiently  ceaplete  for  our  um.  In  the  future  we  nay  calculate  cases  of 


special  interest  to  os,  bat  vn  plan  no  further  development  of  the  theory 
itself  at  this  time. 

Work  will  oontinus  an  the  application  of  nonlinear  Materials  to  Billi¬ 
na  ter  wave  dielectric  devices  as  outlined  in  Section  xn  of  this  report, 
this  work  will  benefit  by  coordination  with  other,  separately  funded  programs 
at  the  Hughes  Research  Laboratories,  through  the  end  of  the  subcontract  period 
31  August  1982. 

We  plsn  to  return  to  the  question  of  surface  wave  propagation  along 
lossy  dielectrics  as  a  possible  explanation  of  the  low  attenuations  actually 
observed  in  KRS-5  fibers,  losses  much  lower  than  that  predicted  for  the 
HEU-Od.  with  the  measured  loss  tangent  at  94  GHz.  (These  puzzling  results 
were  described  in  more  detail  in  our  previous  annual  report.)  While  the 
waveguide  attenuation  actually  measured  for  KRS-5  was  of  the  order  of  20 
dB/meter,  too  large  to  be  practical  for  most  applications ,  we  feel  it  is 
important  scientifically  to  resolve  this  enigma. 

A  new  approach  to  the  problem  of  realising  a  flexible  dielectric  wave¬ 
guide  was  considered  near  the  end  of  the  period  covered  by  this  report,  and 
we  are  now  actively  pursuing  it.  Low  loss,  high  dielectric  constant  materials 
are  available  for  the  millimeter  wave  range,  but  they  are  all  rigid  materials 
(for  example.  Alumina,  GaAs,  Silicon).  Wa  are  now  considering  the  use  of 
these  materials  in  finely  powdered  form,  contained  in  a  thin,  flexible  poly¬ 
mer  jacket  (e.g. ,  Teflon) .  Preliminary  measurements  of  such  powders  are  now 
being  carried  out  at  10  QBs  to  determine  the  relation  of  dielectric  constant 
and  loss  tangent  of  the  powder  form  to  the  bulk  form.*  Zf  these  prove  to  be 
successful,  then  flexible  waveguides  will  bo  fabricated  for  test,  (we  must 
know  the  dielectric  constant  of  the  packed  powder  before  we  can  design  a 
reasonable  guide.)  These  measurements  will  then  be  extended  to  94  GHs  as  soon 
as  possible.  While  the  primary  intent  of  this  work  is  to  provide  a  flexible 
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dielectric  waveguide  medium,  if  successful,  it  could  also  Impact  the  ease  of 
fabrication  of  rigid  dielectric  components  as  well.  One  can  imagine  a 
complicated  configuration  of  directional  couplers,  filters,  etc.,  fabri¬ 
cated  by  filling  the  voids  in  a  thin  vacuum-formed  plastic  sheet  (similar  to 
"bubble-pack”) .  Such  an  assembly  could  stand  alone  as  true  dielectric  wave¬ 
guide,  or  be  capped  with  a  metal  plate  to  form  image  guide.  We  intend  to 
pursue  these  ideas  as  well,  if  the  basic  measurements  on  powders  prove  suc¬ 
cessful. 

C.  Publications  and  Presentations 

The  following  papers  were  given  at  the  Sixth  International  Con¬ 
ference  of  Infrared  and  Millimeter  Waves  in  Miami,  December  1981* 

1.  "Measurement  of  the  Dielectric  Constant  and  loss  Tangent  of 
Thallium  Mixed  Halide  crystals  KRS-5  and  KRS-6  at  95  GHz",  w.  B. 

Bridges,  M.  B.  Klein,  and  E.  Schwsig. 

2.  "Computer  Analysis  of  Rectangular  Dielectric  waveguide  for 
Millimeter  Waves”,  E.  Schweig  and  W.  B.  Bridges. 

3.  "Electro-Optic  Devices  in  Dielectric  Waveguide",  M.  B.  Klein. 

The  following  papers  have  appeared  or  have  been  submitted  for  publication  * 

1.  W.  B.  Bridges,  M.  B.  Klein,  and  E.  Schweig,  "Measurement  of  the 
Dielectric  Constant  and  Loss  Tangent  of  thallium  Mixed  Halide  Crystals 
KRS-5  and  KRS-6  at  95  H6z”,  IEEE  Trans,  on  Microwave  Theory  and  Tech¬ 
niques,  Vol.  MTT-30,  pp.  286-292,  March  1982. 

2.  E.  Schweig,  "Dielectric  Waveguides  for  Millimeter  Waves,"  Ph.D. 
Thesis,  California  Institute  of  Technology,  June  1982. 

3.  E.  Schweig  and  W.  B.  Bridges,  "Computer  Analysis  of  Dielectric 
Waveguides i  A  Finite-Difference  Method",  submitted  to  IEEE  Trans,  on 
Microwave  Theory  and  Techniques. 
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IX.  COMPUTER  ANALYSIS  OP  RECTANGULAR  DIELECTRIC  WAVEGUIDES  (E.  Schweig) 


A.  Introdaction 

mage  guides  mads  of  rectangular  high  permittivity  dielectric 
material  have  been  suggested  as  a  practical  waveguiding  structure  for  use 
in  millimeter-wave  integrated  circuits  (MMXC)  [Refs.  II-l,  11-2].  The  use 
of  a  high-resistivity  semiconductor  material  is  particularly  interesting 
since  the  possibility  that  active  devices  may  be  fabricated  directly  into 
the  transmission  line  can  be  considered. 

Rectangular  dielectric  waveguides  for  integrated  optical  circuits  have 
been  investigated  analytically  by  Marcatili  [Ref.  IX-3].  Several  other 
workers — Knox  and  Toulios  [Ref.  II-l],  Solbach  [Ref.  XX-4]  and  Yeh  [Ref. 

II-5]  among  others — have  developed  techniques  for  analysing  rectangular 
dielectric  guides.  Same  of  these  methods  are  1 to  weakly-guiding 
optical  waveguides  (small  index  ratio) ,  or  impose  geometric  conditions  that 
are  insufficiently  general  for  our  purposes.  We  also  have  investigated  the 
analysis  of  such  dielectric  waveguides  and  found  that  the  approximations  intro¬ 
duced  by  Marcatili  [Ref .  XX- 3]  are  not  valid  when  the  permittivity  of  the 
guide  is  high  compared  to  the  outer  medium  *  10) .  Ms  propose 

instead  a  numerical  method  based  on  finite-differences  for  computing  accurate 
propagation  characteristics  sad  field  distributions. 

B.  Description  of  the  FrcM ,m 

A  rectangular  dielectric  waveguide  of  relative  permittivity  sur¬ 
rounded  by  an  infinite  media  of  relative  permittivity  K  is  the  basic  ■Tenant 

o 

that  we  consider  for  our  theoretical  investigations  (Pig.  XX-la) .  In  practice* 
the  guide  is  often  supported  by  a  dielectric  of  much  lower  permittivity 
(Pig.  XX-lb)  or  by  a  metal  plane  (Pig.  XX-lc) .  In  first  approximation ,  we  can 
neglect  the  influence  of  the  dielectric  support  if  the  modes  are  well  guided 
within  the  rectangular  core.  The  effect  of  the  metal  plane  is  to  allow 
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Figure  II-l.a.  Rectangular  dielectric  wav*guid«  considered  in  our  numerical 

analysis i  the  outer  medium  is  supposed  to  be  of  infinite  extent. 

b.  in  practice,  the  waveguide  is  often  supported  by  a  low-dielectric 
material  which  has,  to  first  approximation,  little  influence  an 
the  modes. 

c.  The  image  guide  has  only  seme  of  the  modes  of  the  rectangular 
guide:  the  metal  plane  allows  only  the  propagation  of  the  modes 
that  have  a  vanishing  tangential  electric  field,  on  the  plane 
surface. 
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propagation  of  only  those  modes  of  tha  free-standing  guida  that  have  the 
appropriate  symmetry  with  respect  to  tha  natal  boundary. 

Our  objective  ia  to  design  an  efficient  numerical  tool  for  computing  the 
propagation  characteristics  of  rectangular  dielectric  waveguides  and  obtain 
accurate  representations  of  the  electromagnetic  fields. 


C.  Marcatlli 1 s  Analysis 

Marcatili  [sef .  II-3 ]  obtained  an  approximate  analytical  solution 
to  the  rectangular  dielectric  waveguide  (Fig.  II-2)  by  naking  the  following 
assumptions : 


1*  The  Change  of  index  across  the  interface  is  snail,  i.e.. 


(11-1) 


2.  The  power  propagating  in  tha  corner  areas  (cross  hatched  on  Fig. 
11-2)  can  be  neglected.  (This  corresponds  to  assumption  that 
the  node  is  far  from  cutoff.) 

3.  The  boundary  conditions  (continuity  of  the  tangential  components 
of  the  B-  and  H-fields)  need  be  satisfied  only  for  the  dominant 


A  small  index  step  between  the  guide  and  the  outer  medium  will  lead  to  a 

guided  node  that  is  internally  reflected  at  nearly  grazing  incidence. 

These  assumptions  result  in  solutions  falling  in  two  families  of  guasi- 

plane  wave  modes,  E?  and  EX  *.  The  lower  four  modes  of  each  family  are 

P?  P3 

sketched  on  Fig.  XX-3.  The  Field  variation  is  sinusoidal  inside  the  core 
and  exponentially  decaying  outside  of  it.  The  characteristic  equations  are 
simple  transcendental  relations  that,  far  away  from  cutoff,  can  be  solved  in 


{•)  The  4upvuc fupt  denote*  the  detection  c|  potcuUzation  oK  the  elecVuc 
lietd  and  the  eubee/Upt  c owiupond  to  the  numbee  o£  maxima  xe&pectively 
in  the  x-  and  y-dieeetioM . 
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dosed  foot.  They  correspond  to  the  characteristic  equations  of  two  inde¬ 
pendent  slab  problems. 

Scat*  authors  [Ref.  II-6,  11-7,  II-8],  however,  apply  these  solutions  to 
high-permittivity  waveguides,  for  which  one  or  nore  of  Narcatili's  assump¬ 
tions  are  invalid: 

1.  The  change  of  permittivity  across  the  interface  is  large. 

2.  The  power  propagating  in  the  corner  areas  is  not  negligible. 

3.  The  boundary  conditions  cannot  be  satisfied  with  quasi-plane 

This  is,  in  essence,  similar  to  the  difference  between  the  approximate 
"linearly-polarized"  nodes  of  a  weakly-guiding  round  fiber  [Ref.  IX-lo]  and 
the  hybrid  nodes  [Ref.  11-10 ]  that  constitute  exact  solutions  for  the  round 
dielectric  guide. 

D.  Other  Methods 

1.  Knox  and  TOulioe  [Ref.  IX-l]  have  proponed  coupling  the  two  inde¬ 
pendent  slab  problems  that  constitute  the  equivalent  of  Narcatili's  solution. 
They  define  an  "effective  dielectric  constant": 

<yvJ  (II-2) 

is  the  permittivity  of  region  1  (rig.  11-4) ,  ky  is  the  separation  con¬ 
stant  obtained  by  solving  the  slab  parallel  to  the  x-axis,  and  k  is  the  free- 
space  wavenumber.  To  solve  the  second  slab,  parallel  to  the  y-exis,  the 
effective  dielectric  constant,  K#,  is  used  instead  of  X^.  This  modification 
is  not  based  upon  any  theoretical  argwent  and  does  not  resolve  the  problems 
encountered  with  Narcatili's  method. 

2.  solbaoh  [Ref.  XZ-4]  employs  a  mode-matching  technique  that  pro¬ 
ceeds  to  solve  the  problem  defined  in  rig.  XX-5  as  follows: 


m 


electric,  or 

magnetic  wall  wau 


rtgnra  11-5.  ran  aoda-aatching  approach  consists  In  expanding  tha  fialds  in 
aaeh  soteagion  in  a  eoaplata  aat  of  waangoida  sodas  and  than 
■atching  than  at  tha  iatarfaoa. 


a.  a  discret*  eigenvalue  problem  la  obtained  by  placing  an  elec- 

tric  wall  at  a  finita  distance  freot  the  dielectric  guide. 

♦ 

b.  In  each  region  (I-IV) ,  the  fields  are  expanded  in  a  complete 
set  of  waveguide  nodes  that  satisfy  the  boundary  conditions  (electric  or 
■agnatic  walls)  in  that  region. 

c.  The  coefficients  of  the  expansion  (up  to  a  certain  order)  are 
obtained  by  matching  the  fields  at  the  interfaces. 

This  method  does  not  appear  flexible  enough  for  our  purposes  and  also  may 
present  certain  convergence  problems  because  of  the  lack  of  continuity  at  the 
corners. 

3.  Yeh  [Ref.  11-5]  has  proposed  a  numerical  approach  based  on  the 
finite-elements  method  that  is  applicable  to  a  wide  range  of  dielectric  wave¬ 
guide  problems.  The  formulation  is  very  similar  to  tbs  finite-difference 
method  that  we  propose,  but  we  believe  it  is  less  efficient  in  the  case  of 
relatively  simple  geometries  such  as  a  rectangular  waveguide. 

S.  '  Finite  Differences 

Finite-differences  (FD)  can  be  applied  to  a  wave  propagation  prob¬ 
lem  either  by  starting  from  the  wave  equation  or  a  variatioaed  principle. 

Ms  investigated  both  approaches  and  found  that  only  the  latter  is  numerically 
stable  and  accurate. 

1.  wave  Equation  Approach 

The  usual  application  of  FD  is  to  discretize  the  differential 

equations,  in  this  case  the  wave  equations,  we  define  our  problem  in  terms 

of  the  longitudinal  fields,  H  and  B  .  The  wave  equations  for  these  compo- 

z  z 


neats  arei 


y  *.»  E  <\»  exp(-jBz)  ,  and  k 

pis  s  n 


K  k~  -  B  (II-4) 

Q  O 


V 


n  ■  - 


Ait  the  interface  f fun  the  two  regions,  the  continuity  of  tha  tangential 
fialds  aunt  ba  satiafiad.  Thasa  fialda  ara  derived  from  tha  longitudinal 
components.  In  taaa  of  Bs  and  B  ,  tha  boundary  cooditiona  become* 


Ha  than  prooaad  to  dafina  a  finita  problem  by  ancloaing  tha  waveguide  in 
a  box  with  alactric  walla  (parfact  conductors)  largo  anoogh  so  that  it  per¬ 
turbs  only  minimally  tha  nodas  of  interest.  Bocausa  of  ay— a  try,  wa  naad 
consider  only  ana  quadrant,  and  wo  cover  that  quadrant  with  a  discrete  —oh 
as  shown  in  Figure  11-6.  At  each  aash  point,  tha  wave  aquations  are  re¬ 
placed  by  their  finite-difference  equivalents. 

These  aquations  ara  valid  for  all  points  in  region  1  or  2  except  at 
tha  interfaces.  Tha  —ah  was  chosen  so  that  a  row  of  points  lias  exactly 
on  each  interface.  For  them  points  wa  introduce  "i—ge  tins"  in  tha 
finite-difference  aquations  that  ara  than  eliminated  by  using  tha  boundary 
conditions  (continuity  of  and  H^)  expressed  in  finite-differences .  We 
than  obtain  a  linear  eigenvalue  problem  of  tha  form 

AX  -  k^  X  (11-7) 

where  X  is  a  vector  of  tha  value  s  of  H.  and  E„  at  tha  — sh  points  and  A  is 
a  sparse,  real  matrix.  This  problem  is  solved  (on  a  computer)  using  standard 
eigenvalue  techniques.  However,  the  matrix  A  does  not  have  any  particular 


structural  aynatry  that  would  parnit  a  raduetlon  of  tha  nunorical  labor. 

2.  fast  Casa 

Ns  tastad  tha  nathod  as  outliaad  abova  by  applying  it  to  a  one- 
dins nsional  problaa,  tha  sani-infinita  slab.  This  prOblan  is  aasily  solvad 
analytically  [naf.  11-10 3  and  paxaits  us  to  tast  tha  af facts  of  tha  "boat” 
and  our  traataant  of  an  iatarfaoa.  fig.  11-7  represents  tha  ana-diaansional 
naSh  usad  and  Pig.  II -€  shows  tha  good  agreonant  for  tha  fiald  distribution, 
between  tha  finita-dlffereaoes  solution  and  tha  analytical  ana. 

3.  nacrt angular  Qaida 

Shan  «a  ■ppllad  this  nathod  to  tha  rectangular  guida,  we  checked 
tha  flnita-diffaranoa  solutions  by  oonparing  than  to  aithar  Marcatili's  or 
a  round  fiber*  in  tha  high-fraquancy  Unit.  In  this  linit  tha  guida  is  many 
wavelengths  across  and  all  solutions  should  converge  to  tha  sna  curve.  We 
than  attanptad  to  apply  the  nathod  to  tha  problaai  of  tha  ractaagular  wav a- 
guida.  na  found  it  to  bo  lnaocurata  for  tha  Uni  tad  nwahar  of  nosh  points 
uaod  (M  m  9  in  saeh  linaar  dlaonsion) .  Sines  tha  sisa  of  natriz  A  increasas 
as  S2,  ncnpitar  storata  linitations  pravantad  an  ineraass  in  H. 

4.  Variational  Approach 

An  other  approach  is  to  start  fron  a  variational  quantity  and  dis- 
cratisa  it  by  applying  f inita-dif farahcaa .  it  is  wall  known  [sofa.  H-5, 
11-11 ]  that  for  propagating  alactronagnatic  nodes,  tha  following  variational 
principle  holds* 

dt  ■  0 

where 


(*)  Tht  Juuni  bibtK  JU  choAtn  4 o  that  ItA  cAOAA-AtaUon  haA  £ht  Acuit  cutea 
06  tht  coAnupoadbig  Aquatt  guide.  that  l A  coruUdeJitd. 


*_  ^  ^  «r%  *.*.:*  «  “  *_*; »  *  .  h  »  »_ .«  «•  •;  ir  ^  ^  *  •.  ^.  . 
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with  ♦  *  Hs  and  ♦  -  (ae^B)  E^,. 

If  we  consider  a  rectangular  element,  S^,  aa  depicted  on  Fig.  H-9,  such 
that  tha  permittivity  is  constant  inaida  tha  element,  we  can  compute  tha 
oontribation  of  8^  to  J  by  using  f inita-dif f arancas * 


For  tha  problem  of  tha  raetaagular  guida  aa  can  than  dafina  a  sash  that 


covara  tha  area  of  interest  with  rectangular  alsawnts  (Fig.  11-10) .  J  is 
obtained  by  adding  the  contribution  of  each  alanant.  Me  note  that  no  special 
treatment  is  required  for  tha  interfaces,  as  J  contains  tha  continuity  con¬ 
ditions.  By  setting  to  aero  the  partial  derivatives  of  J  with  respect  to 
tha  field  values  and  8^  at  each  mesh  points,  wa  obtain  a  linear  eigen¬ 


value  problem  of  tha  ft 


AX  •  kj  BX 


(IX-9) 


wh are  X  is  a  vector  of  ordered  fiald  values,  A  is  a  symmetric  band  matrix 
and  B  is  a  positive  dafinita  diagonal  matrix.  By  a  simple  similarity  trans¬ 
formation, 

b“*  kb!"**  -  A*  (11-10) 

am  xadoea  tha  problem  to 

A'X  ■  ItjX  (11-11) 

ahara  A'  is  noa  a  symmetric  band  matrix.  This  structure  allows  us  to  store 
tha  matrix  A  more  efficiently  and  thus  permits  us  to  use  a  vary  fine  mash. 

5.  Numerical  Results 

NO  have  analysed  tha  modes  of  a  square  dielectric  guide  because 
it  allows  us  to  compare  the  dispersion  characteristics  with  the  theory  pro¬ 
posed  by  Marcatili  and  with  the  dispersion  curve  of  a  round  fiber  Chosen  to 
have  the  same  diameter  as  the  sqpaxe  guide. 

Figure  11-11  presents  the  dispersion  curve,  as  computed  by  these  three 
methods,  for  the  dominant  mode  of  a  dielectric  guide  made  of  Teflon  (x^  ■  2.1) 
At  high  frequency,  as  we  expected,  the  dispersion  curves  are  not  distinguish¬ 
able.  They  deviate  at  lower  frequencies  because  Marcatili ' s  theory  predicts 
a  sharp  cutoff,  while  the  dominant  mode  of  a  round  fiber  has  no  cutoff  fre¬ 
quency.  The  finite  difference  calculation  gives  an  intermediate  result. 

Ns  are  limited,  at  low  frequency,  by  the  sise  of  the  mesh  that  we  can  treat) 
the  outer  box  must  be  further  rsmoved  in  order  to  limit  its  influence  on  the 
mode.  The  same  calculations  for  a  high-dielectric  constant  guide  (made  of 
QaAs,  Kj  -  13.1),  show  that  Maroatili's  theory  and  the  round  fiber  approxima¬ 
tion  give  nearly  the  same  curve  that  differs  noticeably  from  the  FD  results 
(Fig.  11-12) ,  only  in  the  intermediate  frequency  range,  between  the  "dose 
to  outoff”  and  "far  from  cutoff"  regions. 
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ZZZ.  KUBCmO-OVTXC  0BVXCB8  XI  DXXXJSCTKXC  NKVBSQXDS  (M.  B.  Klein*) 

A.  Introduction 

In  recant  years,  integrated  circuit  techniques  have  bacons  increas- 
ingly  important  in  iwpl— anting  oenponanta  and  subsystems  at  mllliawtar  wavw- 
langtha.  A  nuahar  of  passive  and  active  devices  hava  been  demonstrated  in 
dialactric  waveguide  including  directional  couplers ,  filters#  phase  shifters, 
scanning  antennas,  detectors  and  sources.  In  most  cases,  the  active  devices 
studied  requited  careful  noun ting  of  a  discrete  electrical  device  in  close 
proximity  to  the  waveguide  structure  in  a  way  which  optimizes  coupling  to 
the  waveguide.  In  this  discussion  wa  describe  active  devices  in  dielectric 
waveguide  which  can  be  realised  by  direct  electrical  control  of  the  bulk 
dielectric  properties  of  the  transmission  nediun.  These  devices  have  intrin¬ 
sic  high  speed,  and  are  directly  compatible  with  cannon  dielectric  waveguide 
structures. 

two  general  classes  of  materials  have  bulk  dielectric  properties  which 
can  be  electrically  controlled i  semiconductors  and  electro-optic  crystals. 

Xn  semlnonduntars.  the  generation  of  carriers  leads  to  changes  in  both  the 
real  and  imaginary  parts  of  the  complex  permittivity.  These  effects  have 
been  used  to  construct  phase  shifters  [Refs.  XXX-1,  XXX-2,  XXX-3]  and 
switches  [lXX-4]  in  dielectric  waveguide  using  materials  such  as  gallium 
arsenide  and  silicon.  Large  modulation  amplitudes  have  been  observed,  but 
the  switching  speed  in  most  cases  is  limited  by  the  carrier  recombination 
time  to  values  in  the  range  0.1-1  usee.  In  electro-optic  materials  (or 
nonlinear  dielectrics)  an  applied  voltage  produces  a  direct  change  in  the 
real  (and  Imaginary)  part  of  the  dielectric  constant,  due  to  distortions  of 
the  crystal  lattice.  Materials  of  interest  in  this  category  include 


(*)  Member  the  Technical  SI 'all,  Hughe*  R&aeatcfe  LaboKatofUu,  Malibu,  CA 


ferroelectric  crystals  which  ars  commonly  used  for  aodulation  in  the  visible 
such  as  LiMb03  and  LiTaO^.  in  thssa  naf  rials  the  medium  response  tine  is 
instantaneous  at  frequencies  up  to  300  GHz,  and  the  modulation  speed  is 
limited  only  by  circuit  conditions.  Because  of  their  intrinsic  high  speed 
response,  nonlinear  materials  are  also  promising  for  frequency  mixing  appli¬ 
cations  at  frequencies  throughout  the  millimeter  bead. 

The  usefulness  of  nonlinear  materials  for  frequency  mixing  in  the  milli¬ 
meter  band  was  first  demonstrated  by  Boyd,  et  al.  [Refs.  III-5,  III-6]  in 
experiments  conducted  at  56  6Hs.  Around  the  same  time  electro-optic  modula¬ 
tion  was  demonstrated  in  LiHb03  at  126  GHz  [Ref.  XXX-7]  and  in  LiTa03  at 
890  GHz  [Ref.  XXX-8]. 

More  recently  we  have  measured  the  electro-optic  coefficients  for  several 
orientations  in  LiHbOj  and  LiTaOj  at  94  GHz  [Ref.  XIX-9].  Xn  each  of  the 
above  experiments  the  sample  was  either  mounted' in  free  space  or  in  conven¬ 
tional  aptal  waveguide.  Free  space  mounting  requires  large  samples  to 
minimize  diffraction  loss,  while  mounting  in  conventional  waveguide  intro¬ 
duces  severe  dimensional  tolerances  and  requires  a  feedthrough  far  modulating 
voltages.  Xf  instead  the  electro-optic  material  is  prepared  in  the  form  of 
dielectric  waveguide,  then  the  requirement  for  large  samples  or  critical 
dimensional  tolerances  is  removed,  and  compatibility  with  other  integrated 
circuit  components  is  facilitated. 

the  discussion  in  this  section  presents  the  results  of  our  analysis  and 
experiments  on  electro-optic  devices  in  dielectric  waveguide.  Xn  Part  B  we 
describe  the  electro-optic  properties  of  ferroelectric  materials,  and  in  Part 
C  candidate  waveguide  structures  for  phase  shifting  are  considered.  Part  D 
describes  experiments  on  a  LiHbC>3  H-gulda  phase  shifter  at  94  GHz,  and  in 
Part  B  our  analysis  of  other  control  devices  is  presented.  Part  p  discusses 
the  prospects  for  improved  materials,  and  our  conclusions  and  future  plans 


IXX-3 


B.  Electro-Optic  Properties  of  Ferroelectric  Materials 


Phase  shifters  using  the  electro-optic  effect  in  bulk  crystals  are 
cconcnly  used  in  the  visible,  and  have  speeds  United  only  by  circuit  con¬ 
ditions.  In  this  work  we  describe  our  studies  of  electro-optic  phase  shifting 
at  94  GBs.  Me  have  used  a  phono— mological  —del  to  calculate  electro-optic 
coefficients  for  a  —her  of  aaterials,  and  have  neasured  electro-optic 
coefficients  for  a  n— bar  of  orientations  in  IdJ*b03  and  LiTa03 . 
the  phase  shift  for  a  transverse  — delator  is  given  by 

r  -  n3r  Clll-l) 

where  &  is  tbs  crystal  length,  v  is  the  applied  voltage,  D  is  the  electrode 
•pacing,  n  is  the  ale— ve  refractive  index  and  r  is  the  electro-optic 
ooefflol— t.  The  specific  dependence  of  both  n  and  r  on  the  orientation 
of  the  aie— ve  and  low  frequency  electric  fields  is  ignored  here  (for 
brevity)  but  is  properly  accounted  for  in  our  later  calculations.  In  order 
to  characterise  a  given  electro-optic  — tarlal  for  phase  shifting  applications, 
we  will  aske  use  of  a  figure  of  asrit  R,  defined  by 

*  ■  a3r  (xu-2) 

0—  iaportaat  reason  for  utilising  the  electro-optic  effect  is  that  the 
el—tro-optic  coefficients  for  certain  — terials  in  the  aicrowave  region  are 
such  larger  than  these  in  the  visible  [Ref.  ixx-6].  This  enhance— nt  is  an 
Iaportaat  requires— t,  since  the  expected  phase  shift  varies  inversely  with 
wavelength  and  would  otherwise  be  snail  in  the  far  infrared  and  near  ailli- 
— tar  region.  Xt  has  be—  shown  that  crystals ’with  the  largest  aicrowave 
electro-optic  (and  nonlinear)  coefflci— ts  are  those  with  the  largest  values 
of  linear  susceptibility  [Refs.  XXX-5,  XXX-6].  In  the  aicrowave  region  the 
linear  susceptibility  can  be  such  larger  than  in  the  visible,  due  to  the 
contribution  free  lattice  vibrations.  More  specifically,  the  electro-optic 


coefficient  for  a  given  crystal  in  the  microwave  region  can  be  written  as 

r  «  4Xa«  (Hl-3) 

where  i»  the  ionic  (or  lattice)  contribution  to  the  linear  susceptibility 

and  S  is  an  eapirical  factor  which  is  nearly  constant  for  a  wide  range  of 
materials  and  orientations .  in  low  loss  materials ,  the  requirement  far 
large  values  of  xA  i»  equivalent  to  requiring  large  values  of  e^,  the  low 

frequency  relative  dielectric  constant,  the  importance  of  high  er  materials 

h  5/2 

is  emphasised  when  we  note  (using  that  the  figure  of  merit  R  ^  er  . 

In  ferroelectric s ,  values  of  er  in  the  range  20-100  are  quite  common. 

Two  materials  of  particular  interest  for  device  applications  are 

LiMb03  and  LiTaOj.  Large  samples  of  these  materials  are  available,  and 

the  microwave  losses  are  low.  Measured  linear  parameters  and  values  of  the 

figure  of  merit  R  far  several  orientations  in  LiMb03  and  LiTa03  [Ref.  Ill -9] 

are  given  in  Table  IXX-1  . 

C.  ■  waveguide  structures  far  Phase  Shifting 

Wh  now  wish  to  consider  possible  dielectric  waveguide  structures 
for  the  particular  case  of  electro-optic  phase  shifting.  A  candidate 
structure  should  be  judged  against  3  major  requirements! 

(a)  The  structure  must  comprise  two  (or  more)  metallic  conductors 
for  application  of  modulating  voltages; 

(b)  the  microwave  and  modulating  fields  must  be  confined  in  the 
dielectric  for  optimum  interaction; 

(c)  The  electric  field  lines  should  be  straight  and  parallel  to  a 
single  principal  crystal  direction  to  avoid  phase  interference 
effects. 

In  Table  XXX-2  we  have  listed  four  rnamon  structures  and  the  particular 


requirements  satisfied  by  each.  It  is  clear  that  B-guide  is  the  preferred 
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choice  (parallel —plate  transmission  line  partially  loaded -with  dielectric). 
It  is  important  to  distinguish  between  the  hybrid  modes  and  the  modes  in 
H-guide  (see  Fig.  III-1) .  The  hybrid  modes  [Ref.  IIX-10]  have  components  of 
electric  field  in  the  longitudinal  direction  and  in  both  transverse  direc¬ 
tions,  although  the  dominant  transverse  component  is  parallel  to  the  metallic 
conducting  plates.  The  multiple  components  of  electric  field  are  a  disadvan¬ 
tage  in  that  interferences  in  the  electro-optic  phase  shift  can  be  produced 
(violation  of  requirement  c  above) .  One  advantage  of  the  hybrid  modes  is 
that  the  electric  field  is  small  at  the  metallic  walls,  and  thus  wall  losses 
are  low.  However,  at  the  present  stage  of  development,  material  losses  are 
dominant  and  the  low  wall  losses  of  the  hybrid  modes  cannot  be  exploited. 

The  TE  modes  [Ref.  III-10,  XXX-ll]  have  a  single  component  of  electric  field 
directed  normal  to  the  metallic  planes.  Wall  losses  are  larger  than  for  the 
hybrid  modes,  but  still  less  than  material  losses.  One  important  advantage 
of  the  TE  modes  is  that  the  lowest  order  mode  (designated  TE^)  has  no 
cutoff,  so  that  energy  can  be  coupled  in  or  out  of  the  dielectric  medium. 

This  is  especially  useful  far  radiative  devices  such  as  scanning  antennas. 

Ws  have  calculated  the  mode  cutoff  properties  [Ref.  XXX-ll]  of  an 
H-guide  filled  with  LiHbO^  (Y-axis  normal  to  metallic  plates,  and  the  results 
are  plotted  in  Fig.  XXX-2.  The  lowest  order  hybrid  mode  is  cutoff  for 
b/XQ  $  0.1,  while  the  TE  modes  propagate  for  all  values  of  b.  We  also  show 
the  cutoff  width  for  the  TE^q  mode,  which  is  the  first  higher  order  TE  mode 
which  is  likely  to  be  excited  in  our  experiments.  The  sample  dimensions 
we  have  chosen  (see  below)  could  allow  the  lowest  order  hybrid  mode  to  pro¬ 
pagate,  but  the  input  radiation  is  orthogonally  polarized  to  the  dominant 
polarisation  of  the  hybrid  mode,  so  the  coupling  coefficient  to  this  mode 
should  be  very  small. 

Ws  have  fabricated  LiHbO^  samples  with  two  different  cross  sections  » 
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la  cross 


sections t 


(1)  lateral  daeay  distance  of  flalds  Into  fraa  spaoa  -  0.06  am  nor- 
■a 11 tad  guide  wavelength 


-  1.09  ; 


It  60 


Staple  2  s  80 


(3)  Powor  absorption  ooaffioiant 


to  that  of  plana 


Xdtt03s 


•  0.97  (a 


0.2*1)  » 


(4)  Inducad  phasa  shift  nogrtlltart  to  that  of  plana 


in  LiMb03t 


i-.o. 


98  <r  , _ ■  ll.s'/o  tv  »  kr/a  (taU). 


Tha  abort  propartias  indioats  that  tbs  radiation  in  tha  TE^Q  nods 


is  wall  oonfinad  within  tha  UXbOy  and  has  naarly  idantical  propartias  to 


thosa  of  an  onboondad  plana 


in  tha  notarial. 


Shifters  at  94  (SHs 


Ms  haws  designed  and  constructed  two  LiMbO,  B-guide  phasa  shiftars 


diffaring  only  in  thsir  naans  of  coupling  fron  WR-10  hollow  nstal  wavagnida 
to  LiMb03  B-guide.  Tha  first  dories  utilises  and  coupling,  and  is  shown  in 
rigors  IXX-3a.  Tha  LiBb03  sanpla  is  nountad  an  a  flat  natal  ground  plana, 
which  is  also  tha  hotter  portion  of  tha  hollow  natal  waraguida.  Tha  sanpla 
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emtanda  into  the  metal  waveguide;  the  latter  tapars  down  to  tha  same  height 
aa  the  XdBbOy  and  to  twice  tha  width.  The  upper  plate  of  the  H-guide  la 
iaolated  from  the  surrounding  natal  structure  and  is  held  in  place  by  spring 
loading.  This  device  is  simple  to  construct  and  align,  and  has  a  wide  band¬ 
width,  due  to  the  lade  of  tuning  elanants.  One  disadvantage  is  that  the 
discontinuity  in  the  upper  plate  increases  the  VSUR  and  reduces  the  coupling 
efficiency. 

The  modulation  performance  and  insertion  loas  of  the  above  device  were 
measured  by  insertion  of  the  device  into  the  active  arm  of  a  waveguide  phase 
bridge.  Hie  bridge  was  first  balancsd  by  adjusting  the  variable  attenuator 
in  the  reference  asm  for  marinas  fringe  contrast.  An  adjustable  phase  ■Mf*er 
in  the  reference  asm  was  then  set  at  the  midpoint  of  tha  fringe  pattern,  i.e. , 
the  linear  region.  For  this  bias  condition  an  ac  voltage  applied  to  the 
crystal  causes  an  amplitude  modulation  on  the  detector  output  at  the  applied 
frequency  (1  kBs) .  The  fractional  modulation  can  then  be  related  directly  to 
tha  peak  induced  phase  Shift. 

(hir  device  measurements  were  made  using  tbs  smaller  cross-section  sample. 
This  insertion  loss  was  12  dB,  of  which  only  3  dB  is  due  to  sample  absorption. 
This  suggests  that  further  improvement  in  transition  and  coupling  design  could 
lead  to  a  considerable  reduction  la  Insertion  loss.  For  a  peak  applied  vol¬ 
tage  of  1000  V,  the  amplitude  modulation  waa  67%,  and  the  induced  phase  shift 
was  56°  peak "to  peak,  in  good  agreement  with  theory,  based  on  the  electro- 
optic  coefficients  given  in  [Bef.  XXX-9]. 

The  second  phase  shifter  which  we  designed  and  tested  follows  the  design 
of  a  device  described  and  demonstrated  at  200  KBs  by  Cohn  and  Bikenberg 
[Bef.  XXX-12].  Tbm  key  element  of  this  devioe  is  that  probe  coupling  is  used 
instead  of  end  coupling  to  MR-10  waveguides.  A  cross  section  of  our  device  is 
shown  in  Pig.  XXX-3I>.  A  short  section  of  teflon  insulated  wire  with  insulation 
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rwawd  at  each  and  provides  tha  con— ctiop  bat— n  tha  hollow  natal  waveguide 
and  tha  UUb03  H-guida.  Qna  and  of  tha  wira  pirobas  tha  field  in  tha  hollow 
— tal  wavaguida.  tha  canter  (insulated)  section  is  a  coaxial  wavaguida  con¬ 
nection,  and  tha  opposite  end, extends  along  the  end  of  the  Linb03  aanpla 
end  contracts  the  upper  H-guida  plate,  the  hollow  —tal  wavaguida  sections 
run  straight  through  tha  device  and  are  terainatad  by  adjustable  shorts  for 
tuning,  tha  bandwidth  is  restricted  by  tha  tuning  aleaents,  but  tha  device 
is  easy  to  construct  sad  align. 

Our  device  ass anrase nts  ware  *g»*"  aada  using  tha  pha—  bridge  technique 
described  earlier,  tha  insertion  loss  was  8  dB,  of  which  3  dB  results  froa 
aatarial  absorption.  IDs  have  not  axpariaentad  with  variation  of  tha  probe 
penetration  depth  into  tha  patal  waveguide  (the  pane tration  now  is  .030)  i 
optiana  penetration  oould  rad mm.  the  in— rtion  loos  below  8  dB.  par  a  peak 
applied  voltage  of  loop  V,  the  —pi  1  tnrts  undulation  was  7ot*  and  the  Induced 
pha—  shift  was  58°  peak-to-peak,  in  agxasasnt  with  calculations. 

I.  Other  Electro-optic  Davie— 
i.  frequency  Doublers 

Materials  which  are  useful  for  bulk  pha—  shifting  can  also  be  used 
fur  nonllneer  frequency  doubling,  the  power  conversion  efficiency  in  this 


(IXl-4) 


where  d  is  tbs  niorowuva  nan! insar  ooaffloi— t,  L  is  the  interaction  length, 
and  A  is  the  cross  ■usutional  eras.  Xu  writing  Bq.  IXX-4,  ws  have  — suns dt 

3.  100%  node  nmflnaaant  within  tbs  dialactrio 

3.  negligible  absorption. 


If  we  iiwm  that  the  length  t,  li  1  lei  tad  to  a  ,  where  a  is  the  absorption 
coefficient,  then  the  oceversion  efficiency  in  IdHbO.  at  100  GHz  is 

ifSjL .  (9  x  10-4)  .  (111-5) 

A  (an2) 

for  an  area  of  0.5  X  0.5  na2  and  an  input  power  of  10  kW  (well  below  the 
dielectric  breakdown  threshold  in  LiNbO^) ,  the  calculated  efficiency  is 
3.6%.  this  will  be  reduced  slightly  when  absorption  is  included  in  the 
calculation.  The  above  conversion  efficiency  is  already  of  practical  interest, 
but  still  larger  values  axe  calculated  for  such  naterials  as  BaTi03  and  XHbO^. 

2.  Electron leal ly  scanned  leaky-wave  antennas 

It  is  well  known  that  periodically  perturbed  waveguides  will 
radiate  laterally  at  one  or  note  fined  angles,  thus  leading  to  applications 
as  scanning  antennas.  Xn  fact,  dielectric  waveguides  have  bean  used  for  bean 
scanning  via  frequency  sweeping  [Haf .  111-13] .  • two  disadvantages  of  this 
technique  are  that  fined  frequency  operation  is  not  possible,  and  bean  spread 
in  the  1-plane  is  large,  sines  the  waveguide  height  is  snail.  In  acre  recent 
work,  Trinh  at  al,  [kef.  XXZ-14]  si ini nated  the  H-plans  spreading  by  using  aa 
H-guide  structure  with  flaring  of  the  natal  plates  to  produce  a  one-dlaenslonal 


Xn  both  eaperlnaata  described  above,  the  dielectric  guiding  andiun  was 
silioon.  If  we  substitute  XdMb03  for  the  silicon,  then  the  electro-optic 
properties  of  the  XdJb03  can  be  used  to  provide  scanning  at  a  fined  frequency, 
figure  XXX-4  shows  a  sketch  of  the  ZdMbOj  sasple  (with  periodic  indentations) 
and  final  E-guide  antenna  asaaebly.  the  lobe  angle  in  the  E-plane  of  the  nth 
space  hamonie  is  given  by  [aaf.  XXX-13]  i 

V  ■  *1"‘l  [x^  *  * 


ial 

d 


(XII-6) 


LiNbOj  SAMPLE 


XXX-4.  IchMMitic  nsmsmtation  • 


wh ere  X  is  ths  frss  apses  wavelength ,  X  is  ths  golds  wavelength  and  d  is 
o  9 

ths  spacing  between  psrtorbations .  In  all  eaaaa  of  practical  intarost  (with 
X^  <  XQ)  only  negative  values  of  a  are  possible.  If  we  choose  d  :  X^,  then 
only  the  ■  ■  -1  harmonic  will  radiate  so  that 
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By  applying  a  modulating  voltage  between  the  two  plates  of  the  H-guide  struc¬ 
ture  (Fig.  Ill -4)  X^  can  be  varied,  thus  varying  the  angle  ®-r  IfwM«« 
that  X^  s  Xg/n,  where  n  is  the  nicrowave  refractive  index,  it  is  easy  to 
show  that  the  angular  action  per  unit  of  applied  electric  field  (using 
An  -  n3r  AS)  is: 

Ae_l  3 

-jj=-  -  n  r  (III-8) 

where  r  is  the  electro-optic  coefficient.  Thus,  the  scanning  antenna 
described  here  is  characterised  by  the  sane  figure  of  aerit  as  the  hulk  phase 
aodulator  described  earlier  (see  Bq.  111-2} .  For  a  20  kV/cn  field  in  a 
LiMb03  device,  A0_1  -  +  0.6°.  However,  noch  larger  scanning  angles  (an  the 
order  of  1  radian)  are  predicted  for  BaTiO^  under  the  sane  conditions. 


3.  Electronically  tunable  filter 

Fixed-frequency  bandpass  or  bandstop  filters  have  been  daaonstrated 
by  coupling  a  pillbox  or  ring  resonator  to  a  wave  travelling  in  dielectric 
waveguide.  She  oenter  frequency  in  this  type  of  device  is  deterained  by  the 
dimensions  and  refractive  index  of  ths  resonator  structure.  If  the  refrac¬ 
tive  index  can  be  varied  cleotro-cptioally ,  then  the  center  frequency  can  be 
adjusted,  resulting  in  a  tunable  filter.  A  sketch  of  such  a  device  along 
with  the  output  frequency  spectrum  is  shown  in  Fig.  UI-5.  The  straight 
waveguide  sections  can  be  fabricated  froa  a  convenient  low-loss  aaterial 
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LiHb03  (with  a  large  elctro-optic  coefficient  and  moderate  loss)  or  GaAs 
(with  s  smaller  electro-optic  coefficient  sad  low  loss). 

To  analyss  this  tunabillty  of  ths  device,  wo  assume  that  tho  resonator 
Q  (or  linowidth)  is  determined  by  dielectric  loss,  the  linewidth  in  this 

case  is 

Av  ■  v  tan<  .  (III-9) 

The  center  frequency  v  can  be  written  as 


v 


2n*D 


(IXI-10) 


where  m  is  the  order  of  interference,  c  is  the  epeec'  of  light,  n  is  the 
refractive  index  and  0  is  the  ring  diameter.  The  change  in  v  induced  by 
a  change  in  n  is 

«v  «  —  .  (IIX-11) 

n 

Thus,  the  required  index  change  to  time  by  one  linewidth  (6v  -  Av)  is 
obtained  from  combining  Bqs.  IIX-9  and  Ill-lit 

An  -  n  taad  .  (III-12) 

Since  An  -  n3rS,  the  field  required  to  tune  by  one  linewidth  is 


_  n  tend  tanfl 

a  3  o 

(nr)  nr 


(XXX-13) 


This  field  is  equal  to  20  XV/cm  for  LiHbOj,  and  50  kV/cn  for  GaAs.  We  see 
that  the  tuaability  is  limited,  baaed  on  presently  available  materials.  Xt 
is  hoped  that  further  reductions  in  dielectric  loss  at  millimeter  wavelengths 
will  lead  to  Improved  filter  performance. 

f.  Prospects  for  Unproved  Materials 

Xt  is  clear  from  the  previous  discussion  that  there  is  a  strong  need 
for  materials  with  large  electro-optio/nonl inear  coefficients  and  low  losses. 
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Am  phase  shifting  performance  of  several  candidate  materials  in  their 
present  state  of  development  is  plotted  as  a  function  of  length  in  pig.  III-6 
We  have  assumed  an  operating  frequency  of  94  GHz,  and  an  applied  field  of 
20  fcV/cm.  We  note  that  certain  materials  with  large  electro-optic  coeffi¬ 
cients  have  low  losses  (e.g. ,  GaAs) ,  and  perform  nearly  as  well  over  a  length 
L  »  l/o.  She  most  promising  material  at  present  spears  to  be  BaTiO^ , 
although  commercially  available  samples  of  this  material  are  very  expensive 
and  of  poor  quality.  Any  materials  improvements  leading  to  lower  absorption 
losses  should  lead  to  significantly  Improved  device  performance. 

G.  Conclusions  and  Future  Plana 

Ws  have  described  the  implementation  of  a  number  of  electro-optic 
control  devices  in  dielectric  waveguide.  The  devices  we  describe  still 
require  the  assembly  and  alignment  of  a  number  of  carefully  machined  dis¬ 
crete  components.  An  eventual  goal  would  be  the  complete  monolithic  integra¬ 
tion  of  all  components  onto  a  single  ahip. 

At  the  present  state  of  development,  the  most  promising  materials  for 
device  applications  are  LIHbOj,  and  perhaps  GaAs.  One  important  advantage 
of  these  materials  is  that  they  are  readily  available  in  large  lengths 
(2-6  indies). 

In  the  remaining  year  of  this  SRO  Program,  ws  plan  to  redesign  the 
transitions  in  both  H-guide  phase  shifter  described  in  section  D,  in  order  to 
reduce  the  insertion  loss.  Ws  also  plan  to  construct  and  test  a  LiHbfJ, 
frequency  doubler  or  scanning  antenna  using  B-guide. 


PHASE  SHIFT,  RADIANS 


11473-32 


LENGTH,  cm 


?igur«  XXI-6.  Induced  phase  shift  vs.  length  for  several  sloctro-optic 
Materials  sad  orisntstions .  The  box  on  saeh  curve  cor- 
responds  to  ths  oondition  L  -  1/a,  iri>er*  a  is  the  absorption 
coefficient  for  ths  given  notarial  and  orientation. 
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